A library of Erwinia stewartii DNA was constructed in cosmid pVK100 and used to complement spontaneous and Mu pf7701-induced (designated by the prefix MU) avirulent mutants. Plasmid pES4507 restored water-soaking ability and extracellular polysaccharide (EPS) synthesis to mutants MU14110 and MU2B70 (group I); pES1044 restored water-soaking ability to MU43, MU51, MU136, MU141, and RDF6011 (group II); and pES2144 complemented four spontaneous EPS-mutants (group Ill). Hybridization of labeled plasmid DNA to Southern blots of genomic DNA from the mutants revealed that a Mu pf7701 insertion was associated with the respective cloned region in all mutants except MU2B70 and MU223. In these strains, the plasmid may be suppressing the avirulent phenotype rather than complementing the mutation.
Erwinia stewartii is an enterobacterial pathogen that causes vascular wilting and leaf blight of corn. Bacterial growth in the xylem vessels of the plant results in vascular occlusion and wilting. In corn seedlings, the bacteria can also grow in the intercellular spaces of the leaves and cause loss of membrane semipermeability and "water soaking" (Wts) symptoms. E. stewartii produces copious amounts of extracellular polysaccharide (EPS) in the form of slime and capsule. The slime is believed to plug the xylem (3) , and the capsule may protect the bacteria from killing by phytoagglutinins (2) . Toxins, growth regulators, and degradative enzymes have not been reported. However, completely avirulent mutants that produce normal amounts of EPS exist, so that other virulence factors, especially those responsible for Wts, remain to be discovered.
Our approach to identifying and enumerating the genes for virulence in E. stewartii has been to isolate a number of spontaneous and Mu pf7701-induced avirulent mutants, including both EPS+ and EPS-strains, and then to clone the wild-type genes defined by these mutations as a prelude to studying their products, regulation, and role in pathogenicity. Since E. stewartii cannot yet be transformed and contains from 8 to 13 cryptic plasmids in every strain (5) , we constructed our library in Escherichia coli with a broad-hostrange cosmid vector. Cloned genes were then mobilized back to E. stewartii mutants to determine their phenotypes. We report here the cloning of three regions of the E. stewartii chromosome that are required for virulence.
MATERIALS AND METHODS
Bacterial strains and plasmids. All E. stewartii strains used in this study were derived from DC283, which is a spontaneous Nalr mutant of wild-type strain SS104 (5) . Capsular avirulent mutants MU18, MU43, MU51, MU136, MU141, MU223, MU228, and MU229, which cause very slight wilting but no Wts, were isolated by Mu pf7701 mutagenesis (12) . Two other Mu pf7701-induced mutants, MU14110 and MU2B70, are acapsular and completely avirulent (12) . All of the Mu pf7701-induced mutants contain single Mu insertions, except MU141, which has two. RDF6011 is fluidal and Wts-and has been cured of the 102-kilobase (kb) cryptic plasmid (7) . The spontaneous EPS-mutants GAL8, K91J, K91K, and K91R were isolated following selection for resistance to the capsule-dependent phage K9 (2) . Plasmids pVK100 and pRK2013 (10) were received from E. W. Nester. pVK100 is a broad-host-range IncP cosmid cloning vector that is mobilizable by pRK2013. Escherichia coli HB101 (1) was used as a host for cloning experiments.
Media, growth, and mating conditions. The media, growth, and mating conditions have been described previously (4) . Colony type was evaluated on CPG agar (2) .
Construction of a genomic library. Restriction endonucleases (Bethesda Research Laboratories [BRL]), T4 ligase (BRL), and calf alkaline phosphatase (Boehringer Mannheim) were used according to the instructions of the manufacturers. Standard methods for cloning, packaging cosmids, and transformation were used (11) . Genomic DNA was prepared by the method of Currier and Nester (6) with omission of the shearing, denaturation, and neutralization steps. SS104 genomic DNA was partially digested with HindIII, and the fragments were sized on a 5 to 25% sucrose density gradient centrifuged in a Beckman SW41 rotor at 20,000 rpm for 10 h at 10°C. Fractions containing 15-to 30-kb fragments were used for ligation. pVK100 was cleaved with HindIII, dephosphorylated with calf alkaline phosphatase, and ligated to the insert DNA. The vector-insert ratio was 5:1, and the total DNA concentration was 260 ,ug/ml. The cosmids were then packaged in vitro into bacteriophage lambda and transduced into strain HB101. probe. None of the plasmids hybridized to a probe made from total SS104 cryptic plasmid DNA, indicating that in all cases the cloned DNA was chromosomal.
To distinguish between complementation and suppression, we sought to associate the Mu pf7701 insertion mutations in the avirulent strains with the corresponding cloned region. pES440, pES1044, pES3219, and pES4507 were hybridized to blots of HindlIl-cleaved genomic DNA from the avirulent mutants in their respective complementation and colony type (bottom) of (A) DC283, (B) MU14110, and (C) groups. A Mu pf7701 insertion was located in a fragment corresponding to the 9.2-kb HindlIl fragment of pES4507 in MU14110. This fragment was missing in MU14110, and new 6.4-and 12.0-kb fragments were present (data not shown). Likewise, the Mu pf7701 insertions in MU43, MU51, MU136, and MU143 were located in the region corresponding to the 12.8-kb HindlIl fragment of pES1044. New fragments of 19.4 and 2.9 kb were found in MU43 (Fig. 2 , lane C), 13.4 and 8.9 kb in MU51 (Fig. 2, lane D) , and 18.4 (Fig. 2, lane F) . The 12.8-kb Hindlll fragment was missing in MU136 (Fig. 2, lane E) , but junction fragments were not observed. In addition, a spontaneous insertion mutation was located in the 1.8-kb Hindlll frag-5.0_ 4.0, ccj co loco~m ent of pES1044 in RDF6011. This fragment was missing in this strain, and a new 2.9-kb band was present (Fig. 2, lane  G) . This 1.8-kb fragment was not found in the other group II plasmids, pES2213 and pES3140, which did not complement RDF6011. The Mu pf7701 insertions in MU2B70, MU229 (Fig. 2, lane B) , and MU223 (Fig. 2, lane A) were not detected with any of the probes. We previously reported hybridization of the left-end EcoRI fragment of Mu to HindlIl-digested chromosomal blots of the Mu pf7701-induced mutants (12) . In the present experiment, the 6.4-, 8.9-, 2.9-, and 3.9-kb fragments of MU14110, MU51, MU43, and MU141, respectively, were the same sizes as the left-end join fragments that we detected in these strains with the Mu probe.
Relationship between virulence and amount of EPS produced. Carriage of pES4507 increased the amount of EPS produced by wild-type cultures of E. stewartii and the amount of bacterial exudate associated with lesions (Fig. 1) . Normally E. stewartii colonies are not fluidal on medium lacking a readily fermentable sugar; however, colonies of DC283(pES4507) and MU14110(pES4507) were quite slimy on L agar. To determine whether pES4507 increased the virulence of wild-type and mutant strains, we measured the EPS production and pathogenicity of strains DC283, DC283(pES4507), MU14110, and MU14110(pES4507). pES4507 increased the amount of EPS produced in culture from 0.5 x 10-14 to 43 x 10-l' g/cell in MU14110 and from 22 x 10-14 to 88 x 10-14 g/cell in DC283. No differences in the rate of symptom expression or final disease severity with respect to wilting and Wts were observed between DC283, DC283(pES4507), and MU14110(pES4507) (Fig. 3) . The 50% effective doses determined by whorl assay for DC283, DC283(pES4507), and MU14110(pES4507) were 19, 20, and 13 cells per plant, respectively; these were not significantly different (5% level). In contrast, the 50% effective dose for MU14110 was in excess of 5 x 109 cells per plant.
Although pES1044 restored Wts ability to MU14110, it did not restore the ability to cause systemic wilt (Fig. 3) or produce EPS. MU14110(pES1044) produced only 10-14 g of EPS per cell. in Escherichia coli. The recombinant plasmids were readily mobilizable back into E. stewartii, and the absence of induced resistance to E. stewartii in corn allowed us to use the host as a positive selection for virulent bacteria in our preliminary screening. Hybridization studies showed that the cloned virulence genes originated from chromosomal rather than plasmid DNA. This is significant because cryptic plasmids constitute about 20% of the E. stewartii genome (5), and we had previously speculated that the avirulence of RDF6011 (group II) was due to the loss of plasmid pDC190 genes (7) . Complementation tests identified three segments of chromosomal DNA that are required for virulence. Had more mutants been included in our study, we may have identified additional regions that contain virulence genes. The ability to do complementation tests with mobilizable cloning vectors offered the first usable genetic system for E. stewartii, because other means of genetic exchange, such as transducing phages, Hfr donors, and a transformation system, have not been found for this species.
In the three complementation groups discussed above, the cloned DNA corresponded to the site of an insertion or deletion event in the avirulent mutation that it complemented. However, in a number of cases, an entirely different DNA fragment appeared to also complement the same mutation, e.g., MU43 by pES502, MU51 by pES3219, MU223 by pES440, and MU14110 by pES1044, so that it was possible to observe suppression of the avirulent phenotype rather than true complementation. Such suppression could be brought about by stimulating alternate pathways for synthesis of the virulence factor or by altering global regulatory circuits. The Mu insertions in MU2B70 and MU223 were not revealed by any of the hybridization probes that we used, so their avirulence could be due to spontaneous mutations that were not detectable in our hybridization experiments. At present, it is unclear whether these plasmids and mutants represent additional complementation groups. Transposon mutagenesis and homogenotization experiments with pES440, pES502, and pES3219 should indicate whether the genes on these plasmids that are responsible for suppressing avirulence are themselves essential for pathogenicity.
Complementation group III contained all of the spontaneous EPS-mutants, and both EPS synthesis and complete virulence were concomitantly restored to these mutants by pES2144. Recent work in our laboratory (P. J. Dolph and D. L. Coplin, Proc. VIth Int. Conf. Plant Pathogenic Bacteria, in press) has shown that pES2144 contains a major cluster of genes required for capsule biosynthesis that is positively regulated by a function which is missing in MU14110. Increasing the copy number of a positive regulatory gene could explain the stimulation of EPS synthesis that we saw in wild-type strains containing pES4507. A similar increase in capsule production has been reported in Escherichia coli cells containing multiple copies of rcsA, a positive regulator of colanic acid synthesis (8) .
The stimulation of presumably normal EPS synthesis in wild-type strains by pES4507 allowed us to determine whether increasing the amount of EPS produced by the pathogen increases its overall virulence. Although lesions caused by DC283(pES4507) exhibited more bacterial exudate on their surfaces, pES4507 did not affect other indicators of pathogenicity. Therefore, the virulence of E. stewartii DC283 does not appear to be limited by the amount of slime that it normally produces. The concomitant restoration of both Wts and fluidal colony type to MU14110, GAL8, and K91J suggests that cell surface polysaccharides are involved in Wts. However, in group II mutants, which are EPS+ Wts-, and MU14110(pES1044), K91K, and K91R, which are EPS-Wts+, colony type does not appear to be correllated with Wts ability. Since the Wts factor probably has to pass through the plant cell wall to cause membrane damage, we feel that it is unlikely that a molecule as large as the capsular polysaccharide itself causes Wts. Instead Wts could be due to a related but smaller polysaccharide, or, alternatively, EPS could augment the action of a nonpolysaccharide toxin to cause the leaves to appear water soaked.
